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Spike-timing-dependent plasticity (STDP) provides a cellular implementation of the Hebb 
postulate, which states that synapses, whose activity repeatedly drives action potential 
firing in target cells, are potentiated. At glutamatergic synapses onto hippocampal and 
neocortical pyramidal cells, synaptic activation followed by spike firing in the target 
cell causes long-term potentiation (LTP) — as predicted by Hebb — whereas excitatory 
postsynaptic potentials (EPSPs) evoked after a spike elicit long-term depression (LTD) — a 
phenomenon that was not specifically addressed by Hebb. In both instances the action 
potential in the postsynaptic target neuron is an instructive signal that is capable of 
supporting synaptic plasticity. STDP generally relies on the propagation of Na+ action 
potentials that are initiated in the axon hillhock back into the dendrite, where they cause 
depolarization and boost local calcium influx. However, recent studies in CA1 hippocampal 
pyramidal neurons have suggested that local calcium spikes might provide a more efficient 
trigger for LTP induction than backpropagating action potentials. Dendritic calcium spikes 
also play a role in an entirely different type of STDP that can be observed in cerebellar 
Purkinje cells. These neurons lack backpropagating Na + spikes. Instead, plasticity at 
parallel fiber (PF) to Purkinje cell synapses depends on the relative timing of PF-EPSPs 
and activation of the glutamatergic climbing fiber (CF) input that causes dendritic calcium 
spikes. Thus, the instructive signal in this system is externalized. Importantly when 
EPSPs are elicited before CF activity, PF-LTD is induced rather than LTP Thus, STDP 
in the cerebellum follows a timing rule that is opposite to its hippocampal/neocortical 
counterparts. Regardless, a common motif in plasticity is that LTD/LTP induction depends 
on the relative timing of synaptic activity and regenerative dendritic spikes which are driven 
by the instructive signal. 
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INTRODUCTION 

Hebb's postulate on synaptic modifications, which was formu- 
lated in 1949 in his book "The Organization of Behavior," has laid 
the foundation for subsequent experimental work on memory 
storage by neuronal assemblies (Hebb, 1949): 

"When an axon of cell A is near enough to excite a cell B and 
repeatedly or persistently takes part in firing it, some growth pro- 
cess or metabolic change takes place in one or both cells such that As 
efficiency, as one of the cells firing B, is increased." 

A more popular version of this rule — assigned to neurobiolo- 
gist Carla Shatz — says "neurons that fire together wire together." 
The discovery of long-term potentiation (LTP) in 1973 demon- 
strated that synaptic connections can indeed be strengthened 
in a use-dependent way, thus reflecting a key prediction of the 
Hebb postulate (Bliss and Lomo, 1973). LTP is now widely 
regarded as a potentiation mechanism involved in circuit devel- 
opment and adult learning. However, for more than 20 years, 
researchers did not dissociate the relative roles of synaptic input 



and action potential generation in the postsynaptic neuron in 
the induction of LTP (see Linden, 1999). The implication inher- 
ent to Hebb's postulate is that excitatory synapses that contribute 
to the initiation of action potentials in the target cell will be 
strengthened. This component of the Hebb rule was demon- 
strated by spike-timing-dependent plasticity (STDP) studies, in 
which the relative timing of presynaptic activity and postsynaptic 
spike firing determines the direction and amplitude of synaptic 
weight change. Excitatory postsynaptic potentials (EPSPs) pre- 
ceding postsynaptic action potentials within a time window of 
up to tens of milliseconds cause LTP, while activation in the 
reverse order induces long-term depression (LTD) (Markram 
et al., 1997; Bi and Poo, 1998; Debanne et al, 1998). While 
Hebb did not explicitly discuss the weakening of synapses in 
his hypothesis, LTD was suggested in a complementary state- 
ment by Stent (Stent, 1973) based on studies by Hubel and 
Wiesel examining plasticity during the critical period in visual 
cortex (Hubel and Wiesel, 1965; Wiesel and Hubel, 1965). 
STDP has generated immense interest as a plasticity mecha- 
nism that not only obeys Hebb's rule, but also reconciled LTP 
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studies with a renewed interest in temporal coding (Konig et al., 
1996). 

We will begin this review with a description of key features 
of STDP as observed in hippocampal and neocortical pyramidal 
cells. Then, we will present recent observations that in CA1 hip- 
pocampal pyramidal cells LTP is more sensitive to local dendritic 
spikes than to backpropagating action potentials that originate 
in the axon hillhock (Golding et al, 2002). We will discuss these 
findings in an attempt to reach a general assessment of the role of 
dendritic spikes in forms of plasticity that depend on the detec- 
tion of temporal order. There are more variations on the STDP 
theme: in cerebellum-like structures, such as the dorsal cochlear 
nucleus (DCN) or the electrosensory lobe (ELL) of mormyrid 
electric fish, anti-Hebbian STDP has been described, in which 
EPSPs followed by spikes induce LTD, and activation in the 
reverse order leads to LTP (Bell et al., 1997; Tzounopoulos et al., 
2004). In the cerebellum itself, the available data also point toward 
an STDP rule with anti-Hebbian timing requirements (Wang 
et al., 2000). However, there are no regenerative Na + spikes in 
Purkinje cell dendrites (Stuart and Hausser, 1994; Ohtsuki et al, 
2012), and the direction of synaptic gain change at parallel fiber 
(PF) to Purkinje cell synapses depends on the co-activation of 
the climbing fiber (CF) input instead (Coesmans et al., 2004). 
CF activation causes two types of spikes that remain locally 
restricted: complex spikes in the soma and calcium spikes in the 
dendrite (Schmolesky et al, 2002; Davie et al., 2008). We will sug- 
gest that backpropagating action potentials provide an instructive 
plasticity signal in the neocortex and hippocampus, and that a 
similar function is served by the temporal correlation between 
local dendritic calcium spikes and synaptic activity in Purkinje 
cells. Thus, cerebellar plasticity is timing-dependent, but does 
not depend on somatic spike output and is thus non-Hebbian in 
nature. 

STDP AND THE BACKPR0PAGATI0N OF SOMATIC ACTION 
POTENTIALS INTO DENDRITES 

Hebbian plasticity requires that activity at impinging synaptic 
inputs is paired with an instructive signal in the postsynaptic 
target neuron. This role can be served by the occurrence of an 
appropriately timed action potential, which propagates from the 
initial segment "back" into the dendrites. The discovery of action 
potential backpropagation into the dendrites was thus a prerequi- 
site for an initial mechanistic description of Hebbian-style STDP. 
To demonstrate that action potentials are initiated close to the 
soma and actively invade the dendrites, Stuart, and Sakmann 
performed somato- dendritic double-patch recordings from layer 
V pyramidal neurons. They observed that (a) action potentials 
can be recorded in the dendrites after injection of depolariz- 
ing current pulses or synaptic stimulation, and (b) that action 
potentials are initiated in the axon hillock regardless of whether 
these action potentials were evoked by somatic or dendritic cur- 
rent injection, or by synaptic stimulation (Stuart and Sakmann, 
1994). In summary, these results indicate that action potentials 
in these neurons are initiated close to the soma, and subse- 
quently backpropagate into the dendrites. Similar observations 
were made in CA1 hippocampal pyramidal neurons (Spruston 
et al, 1995). 



A role for backpropagating action potentials in plasticity was 
demonstrated a few years later. It was shown that in CA1 hip- 
pocampal pyramidal neurons pairing of subthreshold EPSPs with 
backpropagating action potentials causes LTP, and that the poten- 
tiation did not occur when these two stimuli were applied in 
isolation, or when spike backpropagation was blocked with local 
application of tetrodotoxin (TTX; Magee and Johnston, 1997). In 
a back-to-back paper in the same issue of Science, it was demon- 
strated using dual patch-clamp recordings that pairing of EPSPs 
with postsynaptic action potentials promotes LTP at synapses 
between connected layer 5 pyramidal neurons (Markram et al., 
1997). This study also looked at the timing of pre- and postsynap- 
tic activity in more detail, and found that LTP is induced when 
EPSPs precede the action potentials by 10 ms, but that appli- 
cation of these stimuli in reverse order results in LTD. Longer 
intervals (100 ms) neither elicit LTP nor LTD (Markram et al., 
1997). Similarly narrow timing windows (<20ms) were found 
in STDP studied in hippocampal cultures/slice cultures (Bi and 
Poo, 1998; Debanne et al, 1998). Figure 1A shows original data 
from the study by Bi and Poo (1998), and illustrate that LTP 
results either from coincident occurrence of EPSPs and action 
potentials (0 ms latency), or from EPSPs followed by an action 
potential (positive latency), whereas LTD is observed when the 
spike precedes the EPSP (negative latency, see Figure IB for a 
model scheme). Backpropagating action potentials evoke cal- 
cium transients in the dendrites that result from the activation 
of voltage-dependent calcium channels (Markram et al., 1995). 
The amplitude of spine calcium transients evoked by paired acti- 
vation of EPSPs and action potentials depends on the temporal 
order. Calcium signals are larger when EPSPs precede action 
potentials by latencies of less than 50 ms and that calcium influx 
is less when the sequence is reversed (Koester and Sakmann, 
1998; see also Graupner and Brunei, 2007). These findings are 
in line with the idea that LTP induction has a higher calcium 
threshold than LTD induction (Bienenstock et al, 1982; Bear 
et al, 1987; Hansel et al, 1997). This timing between pairings 
is not sufficient by itself. Packets of multiple pairings with this 
temporal structure are needed to provide sufficient depolariza- 
tion, but lower frequency STDP pairings can also be effective 
given additional somatic depolarization (Sjostrbm et al., 2001). 
Further, given a burst of postsynaptic action potential firing 
paired with a single presynaptic action potential, the direction 
and extent of plasticity depends on the timing of dendritic cal- 
cium transients with the presynaptic spike (Zilberter et al., 2009). 
It should be noted, however, that the calcium transient ampli- 
tude is likely not the only factor involved. For example, it has 
been shown that the potentiation in STDP-style protocols is 
NMDA receptor-dependent, while LTD requires the activation 
of metabotropic glutamate (mGluR) receptors, suggesting that 
two different calcium sensors downstream of these receptors 
might regulate LTP and LTD induction (Nevian and Sakmann, 
2006). Thus, the localization and specific activation/inactivation 
conditions of these calcium sensors are likely to influence the 
calcium signaling requirements as well. Regardless of the under- 
lying details, it seems fair to say that local depolarization events 
and calcium transients serve key functions in controlling the 
LTP/LTD balance. But which dendritic activity patterns evoke the 
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FIGURE 1 | Hebbian-style STDP in hippocampal neurons. (A) Temporal the EPSP and the spike peak (see traces on top). Scale bars: 50 mV and 

order for the induction of LTP and LTD at glutamatergic synapses onto 10 ms. (B) Model scheme for Hebbian STDP LTD results when the spikes 

cultured rat hippocampal neurons. The change in EPSC amplitudes measured precede the EPSPs, whereas LTP is induced when the EPSPs are evoked 

at 20-30 min after tetanization (60 stimuli at 1 Hz) is plotted against spike before spike onset. (A) is taken from Bi and Poo (1998). Copyright 1998 by 

timing. Spike timing is defined by the time interval (Af) between the onset of the Society for Neuroscience. 



appropriate calcium transients under physiological conditions? 
It has been argued that local dendritic spikes, rather than back- 
propagating Na + spikes maybe instrumental for plasticity control 
(see Lisman and Spruston, 2010). This challenge to the classic 
STDP model is based on the observation that (a) backpropa- 
gating action potentials typically do not invade distal dendrites, 
and thus STDP may not be a general plasticity mechanism, (b) 
LTP can be induced in the absence of Na + spikes, and (c) local 
depolarization can be more efficient in triggering LTP than back- 
propagating action potentials (Golding et al., 2002; Hardie and 
Spruston, 2009). This latter effect might result from the fact that 
local dendritic events, such as calcium spikes or AMPA/NMDA 
receptor-mediated responses provide a more prolonged depolar- 
ization than fast Na + spikes (Lisman and Spruston, 2010). It is, 
however, conceivable that Na + spikes, under conditions where 
they contribute to plasticity, facilitate the initiation of local cal- 
cium spikes, and that thus STDP is a physiologically relevant 
model for plasticity, but acts locally through dendritic calcium 
spikes. From a mechanistic point of view, these local calcium 
spikes can present an instructive signal whether or not their 
occurrence is facilitated by Na + spike backpropagation (Hardie 
and Spruston, 2009). 

VARIATIONS OF SPIKE-TIMING-DEPENDENT PLASTICITY: 
ANTI-HEBBIAN STDP 

One of the very first reports of STDP did not result from record- 
ings from hippocampal or neocortical pyramidal neurons, but 
from medium ganglion (MG) cells of the ELL of the mormyrid 
electric fish Gnathonemus petersii (Bell et al., 1997). The ELL 
is a cerebellum-like structure, and MG cells are GABAergic 
neurons that are described as Purkinje-like cells — they receive 



glutamatergic PF synapses, but lack the CF input that is character- 
istic for cerebellar Purkinje cells. In these Purkinje-like neurons, 
pairing of a PF-EPSP with a postsynaptic spike results in LTD if 
the spike follows the EPSP onset within 60 ms. In contrast, LTP 
is induced when the spikes are delivered outside this time win- 
dow, or PF-EPSPs are evoked at 1 Hz in the absence of spikes (Bell 
et al, 1997; Han et al, 2000). Thus, STDP in this cerebellum- 
like structure follows an anti-Hebbian temporal order (Figure 2). 
The available data support the notion that this type of STDP is 
under control of the spike output of the postsynaptic target cell. 
The spikes that were evoked in these experiments by somatic cur- 
rent injection are so-called "broad spikes" that are TTX-sensitive 
(Bell et al., 1997), and are initiated in the soma/proximal den- 
drite, from where they propagate into the apical dendrite (Gomez 
et al., 2005; Engelmann et al, 2008). Broad spikes certainly differ 
from fast action potentials that are capable of producing cortical 
STDP — broad spikes are 8-15 ms wide and only reach ampli- 
tudes in the range of 40-60 mV (Bell et al, 1997). Still, these 
spikes are at least partially mediated by voltage-gated Na+ influx 
and are initiated in or near the soma, providing a signal that 
reflects the electrical output of MG cells. Thus, it seems fair to 
state that STDP in the ELL is anti-Hebbian with regard to the 
temporal order controlling LTP and LTD induction, but nev- 
ertheless falls into the category of Hebbian-style learning rules, 
because of the critical involvement of spike backpropagation into 
the dendrites. This type of anti-Hebbian STDP is not restricted 
to non-mammalian vertebrates, but has also been described in a 
mammalian cerebellum-like structure, the DCN, which is a brain- 
stem region that is part of the auditory system. In cartwheel cells, 
which are inhibitory interneurons that resemble MG cells in the 
fish ELL, activation of EPSPs by PF stimulation leads to LTD if the 
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FIGURE 2 | Anti-Hebbian STDP in a cerebellum-like structure. 

(A) Temporal order for the induction of LTP and LTD at parallel fiber synapses 
onto Purkinje-like cells in the electrosensory lobe of the mormyrid fish 
Gnathonemus petersii. Changes in EPSP amplitudes are plotted against the 
delay between EPSP onset and the broad spike peak during the pairing 
period (360 stimuli at 1 Hz). (B) Model scheme for anti-Hebbian STDR LTP is 



induced when the spike is initiated before an EPSP is evoked. Stimulation in 
the reverse order (EPSP-spike) results in LTD. Note that this figure panel 
shows an idealized model of anti-Hebbian STDP and differs from the 
experimentally obtained data presented in (A), in which potentiation is also 
seen with intervals >400 ms. (A) is modified from Bell et al. (1997) with 
permission from Macmillan Publishers Ltd: Nature, copyright 1997. 



EPSPs are followed after 5 ms by spike activity. No synaptic change 
results from activation in the reverse order (Tzounopoulos et al., 
2004). In cartwheel cells, somatic depolarization leads to simple 
spike and/or complex spike firing, and is believed to trigger den- 
dritic calcium spikes. The depression resulting from EPSP-spike 
sequences is presynaptically expressed and requires retrograde 
cannabinoid signaling (Tzounopoulos et al., 2007). Similarly, LTD 
induced by spike-EPSP sequences in layer 5 pyramidal neurons 
has been shown to require the activation of presynaptic CB1 
receptors (Sjostrom et al., 2003). Thus, this signaling mechanism 
is not restricted to anti-Hebbian STDP. We will discuss below that 
while anti-Hebbian STDP has been described in most detail in 
cerebellum-like structures, a form of STDP with anti-Hebbian 
(and non-Hebbian) components also plays a role in the cere- 
bellum itself. Moreover, modeling studies have suggested that in 
CA1 hippocampal pyramidal neurons, anti-Hebbian STDP could 
function to equalize synaptic weights along the axis of the api- 
cal dendrite (Rumsey and Abbott, 2006). Due to the scope of this 
review, however, we will not discuss these modeling studies in 
detail. 

NON-HEBBIAN STDP IN THE CEREBELLUM 

Surprisingly, STDP has not been studied in as much detail in the 
cerebellum proper. This might be due to the fact that in the cere- 
bellum, LTP has been discovered later than in most other brain 
areas. While a presynaptic form of LTP has been described in 
1996 (Salin et al., 1996), postsynaptic LTP — a potential rever- 
sal mechanism for the postsynaptically expressed LTD — has only 
been documented in 2002 (Lev-Ram et al., 2002). Nevertheless, 
sufficient data are available to draw some conclusions. LTD at PF 
synapses onto Purkinje cells results from co-activity of the PF 
and the CF input (Ito et al., 1982), during which the CF trig- 
gers complex spikes that can be recorded in the soma (for review, 



see Schmolesky et al., 2002). The first study that looked at timing 
requirements reported that LTD was induced best when CF stim- 
ulation (and complex spike activity) preceded PF activation with 
an interval of less than 250 ms (Ekerot and Kano, 1989). However, 
this report was inconclusive as (a) LTD was monitored with extra- 
cellular recordings of simple spikes — a measure that does not 
directly reflect synaptic plasticity, and (b) LTD was also observed 
when PF activity preceded CF activity by 5-20 ms. Subsequent 
studies found that LTD is most efficiently induced when PF stim- 
ulation precedes complex spike activity by 50-250 ms (Chen and 
Thompson, 1995; Wang et al, 2000; Safo and Regehr, 2008). Chen 
and Thompson showed that 600 pairings of PF and CF activity 
caused LTD independent of the timing interval. However, when 
using only 100 pairings, LTD is more sensitive to timing require- 
ments: LTD was induced best when PF stimulation preceded 
CF activity by 250 ms, a depression that did not reach statisti- 
cal significance resulted from PF+CF co-activation with 125 ms 
or 0 ms intervals, and no change was observed when CF stim- 
ulation preceded PF activity by 250 ms (Chen and Thompson, 
1995). Similarly, Wang et al. showed that LTD is induced when PF 
stimulation precedes complex spike activity by 150 ms or when 
the two inputs are simultaneously activated, but LTD does not 
result from co-activation using a 500 ms interval, or a reversed 
activation sequence (150/500 ms interval). Interestingly, although 
not discussed by the authors, CF-PF stimulation with an interval 
of 150 ms results in a weak potentiation that lasts about 20min 
(Wang et al, 2000). Safo and Regehr obtained similar results, but 
also noted a depression when CF activity preceded PF activity by 
50 ms (Safo and Regehr, 2008). However, since more pronounced 
LTD was induced by PF stimulation first (50 and 150 ms), these 
data generally seem to confirm the observations made by the 
other two groups. These studies point toward an anti-Hebbian 
STDP mechanism in the cerebellum, similar to the anti-Hebbian 
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STDP described in cerebellum-like structures (but note that 
in cerebellum-like structures the timing intervals seem to be 
shorter). In the light of the discrepancies in the literature, we 
would like to point out that in our hands 100 Hz PF burst stimu- 
lation followed after 120 ms by CF activity causes LTD (Piochon 
et al, 2010), which is in line with the observations by Chen and 
Thompson (1995) and Wang et al. (2000). At the single spine 
level, evoked calcium transients are largest when the PF input is 
activated before CF stimulation (Wang et al, 2000). This obser- 
vation might explain why this temporal sequence is optimal for 
LTD induction, since at these cerebellar synapses LTD has a higher 
calcium threshold for induction than LTP (Coesmans et al, 2004). 

Remarkably, such a requirement for specific temporal order 
and similar activation sequences can also be observed in behav- 
ioral learning. One example is the need for temporal specificity 
in associative eyeblink conditioning — a form of motor learning 
that involves the cerebellum: the optimal interval between appli- 
cation of a tone (conditioned stimulus; conveyed by the PF input) 
and an air puff application to the eye (unconditioned stimulus; 
conveyed by the CF input) is between 200-400 ms, thus offering 
a rare opportunity to relate timing intervals that were observed 
in in vitro and in vivo learning studies, respectively (Thompson 
and Krupa, 1994). In line with these results, in gain adaptation of 
the vestibulo-ocular reflex (VOR), another type of learning medi- 
ated by the cerebellum, CF activity needs to follow PF activity by 
100 ms (Raymond and Lisberger, 1998). These examples illustrate 
that both LTD induction and forms of behavioral learning require 
PF activity prior to CF activation for the adaptive change to occur. 

Cerebellar plasticity depends on the relative timing between 
the activation of PF synapses and the occurrence of CF-evoked 
complex spikes. As a result it appears that in STDP an instruc- 
tive signal for the strengthening or weakening of a synapse can 
arise from a number of sources: a backpropagating action poten- 
tial or a synaptically evoked calcium spike depending on the 
structure or system. However, cerebellar STDP differs from STDP 
at hippocampal/neocortical synapses, and also from STDP in 
cerebellum-like structures, in that it does not depend on the 
axonal spike output. In cerebellar Purkinje cells — in contrast to 
pyramidal cells and Purkinje-like cells — Na + action potentials 
that are elicited in the axon hillhock do not actively backprop- 
agate, but rather spread passively into the dendrites (Stuart and 
Hausser, 1994; Ohtsuki et al, 2012). Thus, the dendrite does not 
receive feedback information on whether action potentials were 
fired or not, which is a key component of Hebbian plasticity 
(but note that dendritic calcium transients can vary in ampli- 
tude depending on whether the cell is in an up or down state; 
Kitamura and Hausser, 2011). Rather, bidirectional PF plasticity 
depends on the relative timing with activity of the heterosynap- 
tic CF input, which provides an externalized instructive signal. 
Interestingly, the somatically recorded complex spike does not 
seem to play a role in cerebellar STDP: double-patch record- 
ings from the soma and dendrite of Purkinje cells have shown 
that the classic complex spike waveform only occurs in the soma, 
and that CF activation results in all-or-none EPSPs in the den- 
drites instead, which can be associated with local spike activity 
(Davie et al., 2008; Ohtsuki et al., 2009, 2012). As these den- 
dritic spikes typically do not cause additional spikes near the 



soma, it seems that CF activity evokes two types of spikes in the 
soma and dendrites that occur independently from each other. 
Thus, STDP at cerebellar PF to Purkinje cell synapses is anti- 
Hebbian with regard to the optimal temporal order of synaptic 
activation and the occurrence of local dendritic spikes, but is 
non-Hebbian with regard to the lack of action potential back- 
propagation and thus information on the neuron's spike firing 
output. 

As outlined above, PF plasticity in both the cerebellum proper 
and in cerebellum-like structures follows an anti-Hebbian STDP 
rule, but in contrast to Purkinje cells in the mammalian cere- 
bellum, Purkinje-like cells in cerebellum-like structures such as 
the mormyrid ELL show action potential backpropagation, which 
may be involved in STDP. To reconcile these observations we 
review plasticity mechanisms in the mormyrid cerebellum proper. 
Neither STDP nor action potential backpropagation have been 
systematically studied in cerebellar Purkinje cells of mormyrid 
fish. However, it has been shown that PF-LTD results from PF 
activation followed after 20-50 ms by CF stimulation, pointing 
toward an anti-Hebbian STDP mechanism (Han et al., 2007). 
The role of the axonal spike output remains unclear. CF activa- 
tion does not result in complex spikes, but in all-or-none EPSPs. 
Moreover, Na + action potentials recorded from the somata of 
mormyrid Purkinje cells have unusually small amplitudes, typ- 
ically not exceeding 30 mV (de Ruiter et al, 2006). It seems 
unlikely that these reduced Na + spikes backpropagate, although 
mormyrid Purkinje cells express the Na + channel ot subunits 
Na v l.l, Na v 1.2, and Na v 1.6 in their dendrites (de Ruiter et al, 
2006). On the other hand, somatic depolarization or CF stim- 
ulation can evoke broad spikes that can be recorded in the 
somata of mormyrid Purkinje cells and are associated with den- 
dritic calcium transients that are at least partially mediated by 
P/Q-type voltage-gated calcium channels (Han et al., 2007). In 
contrast to their mammalian counterparts, mormyrid CFs only 
contact very proximal parts of the dendrite ("horizontal den- 
drite") and do not invade the molecular layer. Thus, activation 
in or close to the soma can evoke calcium spikes (broad spikes) 
in the dendrites. The relevance of these broad spikes for plastic- 
ity is currently not understood: pairing PF activation with broad 
spikes evoked by CF stimulation causes LTD, but when the broad 
spikes are triggered by somatic injection of depolarizing currents 
LTP is induced instead (Han et al., 2007). Further studies are 
needed to determine under which conditions broad spike activ- 
ity promotes LTD and LTP, respectively, and to assess the role of 
the axonal spike output in STDP in cerebellar Purkinje cells of 
mormyrid fish. 

In summary, it can be concluded that a form of STDP does 
exist in cerebellar Purkinje cells, but that there are two important 
differences to STDP in pyramidal cells: (a) the optimal temporal 
order of synaptic activation and spike firing is reversed, so that 
synaptic activity followed by spike activity results in LTD rather 
than LTP induction, and (b) in mammalian Purkinje cells (and 
possibly mormyrid Purkinje cells), the instructive signal is exter- 
nalized, and locally elicited calcium spikes play a key role instead. 
This latter difference has important functional consequences: in 
contrast to Hebbian plasticity, what matters is not the timing rela- 
tive to the axonal spike output, but rather the timing relative to the 
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FIGURE 3 | Hebbian-style and non-Hebbian STDR (A) Hebbian STDP in 
hippocampal and neocortical pyramidal cells. Action potentials are elicited 
near the soma and backpropagate into the dendrite, where the 
accompanying depolarization leads to calcium influx (red). The timing 
relative to incoming EPSPs (blue) evoked at glutamatergic synaptic inputs 
(green) determines whether LTP or LTD is induced. (B) Non-Hebbian 
STDP in cerebellar Purkinje cells. Here, somatic/axonal action potentials 
do not actively invade the dendrite. Rather, CF activation causes local 
dendritic calcium spikes. LTD results if PF-EPSPs precede CF activity. 
In hippocampal/neocortical circuits this activation sequence (synaptic 
activity — spike) promotes LTP instead. 



activity of the CF input, a qualitatively different, heterosynaptic 
input (Figure 3). 

WAS DONALD HEBB WRONG? 

To answer this question, it needs to be acknowledged first that 
the famous Hebb postulate — as cited in the introduction — is only 
a small component within a larger conceptual framework that 
Hebb presented in his book "The Organization of Behavior." 
When using the terms "Hebbian" and "non-Hebbian," we thus 
specifically refer to the spike timing mechanism described in 
the Hebb postulate. Within this framework, the Hebb postulate 
describes a learning rule for types of neurons, in which action 
potential backpropagation takes place. By extension, cerebellar 
STDP can be described as "non-Hebbian" as Purkinje cells lack 
regenerative backpropagating Na + spikes (Stuart and Hausser, 
1994; Ohtsukietal.,2012). 

STDP does exist in the cerebellum, but depends on dendritic 
calcium spikes instead. Moreover, the temporal order of STDP 
found in the cerebellum and in cerebellum-like structures is 
opposite to that expected from an STDP mechanism that follows 
the Hebb rule (e.g., Bell et al, 1997; Wang et al, 2000). We argue 
that the Hebb rule remains a widely applicable plasticity concept, 
but that there are important exceptions and limitations that need 
to be acknowledged when generalizing. 

To understand STDP rules, it is useful to take mechanis- 
tic aspects of LTP and LTD induction into consideration. Both 



forms of plasticity are initiated by local dendritic calcium tran- 
sients, whose specific features, such as amplitude, localization, 
and kinetics ultimately determine the polarity of synaptic weight 
change (for discussion, see Bear et al., 1987; Hansel et al, 1997; 
Wang et al, 2000; Coesmans et al, 2004; Nevian and Sakmann, 
2006). This strict dependence on calcium signaling explains why, 
for example, LTP in pyramidal cells can be triggered either by local 
spikes in the dendrites, or by action potential backpropagation: 
both types of spike activity are associated with local calcium influx 
(Markram et al., 1995; Golding et al, 2002). At more distal synap- 
tic input locations local calcium spikes may be the most effective 
means to trigger LTP (Golding et al., 2002; Hardie and Spruston, 
2009). However, this observation does not generally exclude a 
role for Hebbian STDP in plasticity, particularly at more prox- 
imal synapses. It remains to be determined which type of spike 
activity is most relevant under physiological conditions (see also 
Lisman and Spruston, 2010). 

Does the existence of a very different type of STDP (non- 
Hebbian/reverse temporal order) in the cerebellum challenge the 
general importance of Hebbian-style plasticity mechanisms? Not 
necessarily, because cerebellar Purkinje cells have unique features 
that set them apart from other types of neurons. Of these fea- 
tures, two are particularly relevant for our discussion, because 
they mark significant differences to hippocampal and neocortical 
pyramidal cells: first, there is no action potential backpropagation 
into Purkinje cell dendrites (Stuart and Hausser, 1994; Ohtsuki 
et al, 2012). As a consequence, the dendrites receive no infor- 
mation on the axonal spike output. However, we suggest that 
the role of the backpropagating action potential is served by the 
instructive signal from the CF. Second, Purkinje cells sponta- 
neously fire action potentials (simple spikes) at discharge rates 
in the range of ~20-80Hz (Hausser and Clark, 1997), whereas 
pyramidal cells are almost silent at rest (Margrie et al, 2002). This 
latter difference is important, because low firing rates allow pyra- 
midal neurons to act as coincidence detectors (Konig et al, 1996). 
In contrast, the high firing rates found in Purkinje cells pre- 
vent these neurons from using relative spike timing as a relevant 
measure for processes such as STDP, because the short interval 
between spikes makes it difficult to distinguish between post- and 
pre-spike events. This notion holds for simple spikes — that are 
intrinsically triggered and can result from PF activity — but not 
for spikes evoked by CF discharges that occur at 1-2 Hz at rest 
(Simpson et al., 1996). Thus, it does not come as a surprise that 
STDP at PF synapses onto Purkinje cells is based on timing rel- 
ative to CF-evoked spike activity (Chen and Thompson, 1995; 
Wang et al, 2000). A remarkable consequence is that STDP at 
these cerebellar synapses depends on the relative timing of activ- 
ity at two qualitatively different, independent synaptic inputs. 
The externalization of the instructive signal in the cerebellum is 
very different from the prevalent theme of Hebbian plasticity in 
neocortex and hippocampus of timing relative to somatic/axonal 
action potential firing (Figure 3). In the cerebellum, this non- 
Hebbian form of STDP allows the CF input to assume the role 
of a teacher and instructor in cerebellar motor learning (Simpson 
et al., 1996). Cerebellar STDP seems unique in that it depends on 
specific features of Purkinje cell physiology and of the cerebellar 
microcircuit. Thus, a more general reading of Hebb's postulate 
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is necessary for it to be applied throughout the central nervous 
system. 

ACKNOWLEDGMENTS 

We would like to thank Curtis C. Bell and Nicolas Brunei 
for invaluable comments on the manuscript and members 



of the MacLean and Hansel laboratories for helpful discus- 
sions. The authors were supported by the DANA Foundation 
(Jason MacLean), a National Science Foundation CAREER Award 
(0952686 to Jason MacLean), and a grant from the National 
Institute of Neurological Disorders and Stroke (NS-062771 to 
Christian Hansel). 



REFERENCES 

Bear, M. R, Cooper, L. N., and Ebner, F. 
F. (1987). A physiological basis for 
a theory of synapse modification. 
Science 237, 42-48. 

Bell, C. C, Han, V. Z., Sugawara, Y., 
and Grant, K. (1997). Synaptic plas- 
ticity in a cerebellum-like structure 
depends on temporal order. Nature 
387, 278-281. 

Bi, G. Q., and Poo, M. M. (1998). 
Synaptic modifications in cultured 
hippocampal neurons: depen- 
dence on spike timing, synaptic 
strength, and postsynaptic cell type. 
/. Neurosci 18, 10464-10472. 

Bienenstock, E. L., Cooper, L. N., and 
Munro, P. W. (1982). Theory for the 
development of neuron selectivity: 
orientation specificity and binoc- 
ular interaction in visual cortex. 
/. Neurosci. 2, 32-48. 

Bliss, T. V. P., and Lomo, T. (1973). 
Long-lasting potentiation of synap- 
tic transmission in the dentate area 
of the anesthetized rabbit following 
stimulation of the perforant path. 
/. Physiol. 232, 331-356. 

Chen, C, and Thompson, R. F. (1995). 
Temporal specificity of long-term 
depression in parallel fiber- Purkinje 
synapses in rat cerebellar slice. 
Learn. Mem. 2, 185-198. 

Coesmans, M., Weber, J. T, De Zeeuw, 
C. I., and Hansel, C. (2004). 
Bidirectional parallel fiber plas- 
ticity in the cerebellum under 
climbing fiber control. Neuron 44, 
691-700. 

Davie, J. T, Clark, B. A., and Hausser, 
M. (2008). The origin of the com- 
plex spike in cerebellar Purkinje 
cells./. Neurosci. 28, 7599-7609. 

de Ruiter, M. M., De Zeeuw, C. I., 
and Hansel, C. (2006). Voltage- 
gated sodium channels in cerebel- 
lar Purkinje cells of mormyrid fish. 
/. Neurophysiol. 96, 378-390. 

Debanne, D., Gahwiler, B. H., and 
Thompson, S. M. (1998). Long- 
term synaptic plasticity between 
pairs of individual CA3 pyramidal 
cells in rat hippocampal slice cul- 
tures./. Physiol. 507(Pt 1), 237-247. 

Ekerot, C. E, and Kano, M. (1989). 
Stimulation parameters influ- 
encing climbing fibre induced 
long-term depression of parallel 
fibre synapses. Neurosci. Res. 6, 
264-268. 



Engelmann, J., van den Burg, E., 
Bacelo, J., de Ruiter, M., Kuwana, S., 
Sugawara, Y., et al. (2008). Dendritic 
backpropagation and synaptic plas- 
ticity in the mormyrid electrosen- 
sory lobe. /. Physiol. (Paris) 102, 
233-245. 

Golding, N. L., Staff, N. P., and 
Spruston, N. (2002). Dendritic 
spikes as a mechanism for coopera- 
tive long-term potentiation. Nature 
418,326-331. 

Gomez, L., Kanneworff, M., Budelli, 
R., and Grant, K. (2005). Dendritic 
spike back propagation in the 
electro sensory lobe of Gnathonemus 
petersii. }. Exp. Biol. 208, 
141-155. 

Graupner, M., and Brunei, N. (2007). 
STDP in a bistable synapse 
model based on CaMKII and 
associated signaling pathways. 
PLoS Comp. Biol. 3:e221. doi: 
10.137 l/journal.pcbi.003022 1 

Han, V. Z., Grant, K., and Bell, 
C. C. (2000). Reversible associa- 
tive depression and nonassocia- 
tive potentiation at a parallel fiber 
synapse. Neuron 27, 611-622. 

Han, V. Z., Zhang, Y, Bell, C. C., 
and Hansel, C. (2007). Synaptic 
plasticity and calcium signaling 
in Purkinje cells of the central 
cerebellar lobes of mormyrid fish. 
/. Neurosci. 27, 13499-13512. 

Hansel, C, Artola, A., and Singer, W. 
(1997). Relation between dendritic 
Ca2+ levels and the polarity of 
synaptic long-term modifications in 
rat visual cortex neurons. Eur. J. 
Neurosci. 9, 2309-2322. 

Hardie, J., and Spruston, N. (2009). 
Synaptic depolarization is more 
effective than back-propagating 
action potentials during induction 
of associative long-term potenti- 
ation in hippocampal pyramidal 
neurons./. Neurosci. 29, 3233-3241. 

Hausser, M., and Clark, B. A. (1997). 
Tonic synaptic inhibition modulates 
neuronal output pattern and spa- 
tiotemporal synaptic integration. 
Neuron 19, 665-678. 

Hebb, D. O. (1949). The Organization of 
Behavior. New York, NY: Wiley. 

Hubel, D. H., and Wiesel, T. N. (1965). 
Binocular interaction in striate cor- 
tex of kittens reared with arti- 
ficial squint. /. Neurophysiol. 28, 
1041-1059. 



Ito, M., Sakurai, M., and Tongroach, 
P. (1982). Climbing fibre induced 
depression of both mossy fibre 
responsiveness and glutamate sen- 
sitivity of cerebellar Purkinje cells. 
J.Physiol 324, 113-134. 

Kitamura, K., and Hausser, M. (2011). 
Dendritic calcium signaling trig- 
gered by spontaneous and sensory- 
evoked climbing fiber input to 
cerebellar Purkinje cells in vivo. 
}. Neurosci. 31, 10847-10858. 

Koester, H. J., and Sakmann, B. (1998). 
Calcium dynamics in single spines 
during coincident pre- and post- 
synaptic activity depend on rel- 
ative timing of back-propagating 
action potentials and subthreshold 
excitatory postsynaptic potentials. 
Proc. Natl. Acad. Sci. U.S.A. 95, 
9596-9601. 

Konig, P., Engel, A. K., and Singer, 
W. (1996). Integrator or coincidence 
detector? The role of the cortical 
neuron revisited. Trends Neurosci. 
19, 130-137. 

Lev-Ram, V., Wong, S. T, Storm, D. 
R., and Tsien, R. Y. (2002). A new 
form of cerebellar long-term poten- 
tiation is postsynaptic and depends 
on nitric oxide but not cAMP. 
Proc. Natl. Acad. Sci. U.S.A. 99, 
8389-8393. 

Linden, D. J. (1999). The return of the 
spike: postsynaptic action potentials 
and the induction of LTP and LTD. 
Neuron 22, 661-666. 

Lisman, J., and Spruston, N. (2010). 
Questions about STDP as a gen- 
eral model of synaptic plasticity. 
Front. Syn. Neurosci. 2:140. doi: 
10.3389/fnsyn.2010.00140 

Magee, J. C, Johnston, D. (1997). 
A synaptically controlled, associa- 
tive signal for Hebbian plasticity in 
hippocampal neurons. Science 275, 
209-213. 

Margrie, T. W, Brecht, M., and 
Sakmann, B. (2002). In vivo, low 
resistance, whole-cell recordings 
from neurons in the anaesthetized 
and awake mammalian brain. 
Pflugers Arch. 444, 491-498. 

Markram, H., Helm, P. J., and 
Sakmann, B. ( 1 995) . Dendritic 
calcium transients evoked by 
single back- propagating action 
potentials in rat neocortical pyra- 
midal neurons. /. Physiol. 485.1, 
1-20. 



Markram, H., Lubke, J., Frotscher, M., 
and Sakmann, B. (1997). Regulation 
of synaptic efficacy by coincidence 
of postsynaptic APs and EPSPs. 
Science 275, 213-215. 

Nevian, T, and Sakmann, B. (2006). 
Spine Ca2+ signaling in spike- 
timing-dependent plasticity. 
]. Neurosci. 26, 11001-11013. 

Ohtsuki, G., Piochon, C., Adelman, 
J. P., and Hansel, C. (2012). SK2 
channel modulation contributes 
to compartment -specific dendritic 
plasticity in cerebellar Purkinje 
cells. Neuron 75, 108-120. 

Ohtsuki, G., Piochon, C, and 
Hansel, C. (2009). Climbing 
fiber signaling and cerebellar gain 
control. Front. Cell. Neurosci. 3:4. 
doi:10.3389/neuro.03.004.2009 

Piochon, C, Levenes, C, Ohtsuki, G., 
and Hansel, C. (2010). Purkinje 
cell NMDA receptors assume a key 
role in synaptic gain control in the 
mature cerebellum. /. Neurosci. 30, 
15330-15335. 

Raymond, J. L., and Lisberger, S. G. 
(1998). Neural learning rules for the 
vestibulo-ocular reflex. /. Neurosci. 
18,9112-9129. 

Rumsey, C. C, and Abbott, L. F. 
(2006). Synaptic democracy in 
active dendrites. /. Neurophysiol. 96, 
2307-2318. 

Safo, P., and Regehr, W. G. (2008). 
Timing dependence of the 
induction of cerebellar LTD. 
Neuropharmacology 54, 213-218. 

Salin, P. A., Malenka, R. C, and Nicoll, 
R. A. (1996). Cyclic AMP mediates a 
presynaptic form of LTP at cerebel- 
lar parallel fiber synapses. Neuron 
16, 797-803. 

Schmolesky, M. T, Weber, J. T, De 
Zeeuw, C. I., and Hansel, C. (2002). 
The making of a complex spike: 
ionic composition and plasticity. 
Ann. N.Y.Acad. Sci. 978, 359-390. 

Simpson, J. I., Wylie, D. R., and De 
Zeeuw, C. I. (1996). On climb- 
ing fiber signals and their con- 
sequence^). Behav. Brain Sci. 19, 
384-398. 

Sjostrom, P. J., Turrigiano, G. G., and 
Nelson, S. B. (2001). Rate, timing, 
and cooperativity jointly determine 
cortical synaptic plasticity. Neuron 
32, 1149-1164. 

Sjostrom, P. J., Turrigiano, G. G., and 
Nelson, S. B. (2003). Neocortical 



Frontiers in Neural Circuits 



www.frontiersin.org 



January 2013 | Volume 6 | Article 124 | 7 



Piochon et al. 



STDP in cerebellar circuits 



LTD via coincident activation 
of presynaptic NMDA and 
cannabinoid receptors. Neuron 39, 
641-654. 

Spruston, N., Schiller, Y., Stuart, G., 
and Sakmann, B. (1995). Activity- 
dependent action potential inva- 
sion and calcium influx into hip- 
pocampal CA1 dendrites. Science 
268, 297-300. 

Stent, G. S. (1973). A physiological 
mechanism for Hebb's postulate of 
learning. Proc. Nat. Acad. Set. U.S.A. 
70, 997-1001. 

Stuart, G-, and Hausser, M. (1994). 
Initiation and spread of sodium 
action potentials in cerebellar 
Purkinje cells. Neuron 13, 703-712. 

Stuart, G., and Sakmann, B. (1994). 
Active propagation of somatic 
action potentials into neocortical 



pyramidal cell dendrites. Nature 
367, 69-72. 

Thompson, R. R, and Krupa, D. J. 
(1994). Organization of memory 
traces in the mammalian brain. 
Annu. Rev. Neurosci. 17,519-549. 

Tzounopoulos, T, Kim, Y., Oertel, D., 
and Trussell, L. O. (2004). Cell- 
specific, spike timing-dependent 
plasticities in the dorsal cochlear 
nucleus. Nat. Neurosci. 7, 719-725. 

Tzounopoulos, T., Rubio, M. E., 
Keen, J. E., and Trussell, L. O. 
(2007). Coactivation of pre- and 
postsynaptic signaling mecha- 
nisms determines cell-specific 
spike-timing-dependent plasticity. 
Neuron 54, 291-301. 

Wang, S. S. H., Denk, W., and Hausser, 
M. (2000). Coincidence detection 
in single dendritic spines mediated 



by calcium release. Nat. Neurosci. 3, 
1266-1273. 

Wiesel, T. N., and Hubel, D. H. (1965). 
Comparison of the effects of uni- 
lateral and bilateral eye closure on 
cortical unit responses in kittens. 
/. Neurophysiol. 28, 1029-1040. 

Zilberter, M., Holmgren, C, Shemer, I., 
Silberberg, G., Grillner, S., Harkany, 
T., et al. (2009). Input specificity 
and dependence of spike timing- 
dependent plasticity on preceding 
postsynaptic activity at unitary 
connections between neocortical 
layer 2/3 pyramidal cells. Cereb. 
Cortex 19, 2308-2320. 

Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 



that could be construed as a potential 
conflict of interest. 

Received: 12 September 2012; accepted: 
26 December 2012; published online: 11 
January 2013. 

Citation: Piochon C, Kruskal P, MacLean 
J and Hansel C (2013) Non-Hebbian 
spike-timing-dependent plasticity in 
cerebellar circuits. Front. Neural Circuits 
6:124. dot: 10.3389/fncir.2012.00124 
Copyright © 2013 Piochon, Kruskal, 
MacLean and Hansel. This is an open- 
access article distributed under the terms 
of the Creative Commons Attribution 
License, which permits use, distribution 
and reproduction in other forums, pro- 
vided the original authors and source 
are credited and subject to any copy- 
right notices concerning any third-party 
graphics etc. 



Frontiers in Neural Circuits 



www.frontiersin.org 



January 2013 | Volume 6 | Article 124 | 8 



